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ABSTRACT

Hot-pressed samples of the semiconducting compound 3-Zn,Sby; were prepared and
characterized by x-ray and microprobe analysis. Some physical propertics of 3-Zn,Sh; were
determined and its thermoclectric properties measured between mom temperature and 650K.
lixceptionally low thermal conductivity values were measurced in the 300 to 650K temperature
ran ge and the mom temperature lattice thermal conductivity was estimated at 6.5 W em™ K*’.
| ligh figures of merit were obtained between 450 and 650K and @ maximum dimensionless
thermoclectric figure of merit 71 of about 1.3 was obtained at a temperature of 650K, the
highest known at this temperature. The stability of the compound was investigated by several
techniques, including thermogravimetric studies, which showed that the samples were stable
under Argon atmosphere up to about 650K and up to S20K in dynamic vacuum. The high
thermoclectric performance of 3-Zn,Sby in the 300 to 650K temperature range fills the existing
gap inthe ZT spectrum of p-type state-of-the-art thermoclectric materials between BiyTes-
bascd alloys and PWI'c-based alloys. This material, relatively incxpensive, could be used in

more cificient thermoelectric generators for waste heat recovery and automobile industry
applications, for example.



1. INTRODUCTION

A growth of commercial applications of thermoclectric devices depends primarily on
increasing the figurc of merit Z of the materials used in the devices. The figure of merit is
defined as 7: o’o/A where o is the Seebeck cocfficient, o the electrical conductivity, and A
the thermal conductivity. listablished thermoclectric materials canbe divided into three
categories depending on their temperature range of application. Bismuth telluride and its alloys
arc utilized in refrigeration, work around room temperature and have a maximum operating
temperature of about 500K. in the intermediate temperaturc range (600 -900 K), I’brl’ c-based
alloys and TAGS (Te-Ag-Ge-Sb) arc the most efficient materials. At the highest tempceratures
(1 000- 1300K), Si-Ge alloys arc used in power generation devices mainly for space
applications. Thermoclectric devices arc reliable, operate unattended in hostile environments
and arc also environmentally friendly but new more cfficicnt materials should be developed in
order to expand their range of applications.

Based on literature data and theoretical considerations, several new potentially high
performance thermoclectric materials were investigated at the JetPropulsion Laboratory (JP1.)
over the past fcw years including the skutteraditc class of materials [ 1]. As part of this broad
scarch for more cfficient thermoclectric materials, wC have prepared andinvestigated the
properties of the semiconducting compound ZnsSh;. Three compounds have been well
identified in the system Zn-Sb: ZnSb decomposing peritectically at 8 19K, Zn,Sby; melting
congruently at 836K, and Zn;Sb, melting congruently at 839K [2,3]. For Zn,Sb;, three
modifications arc known: o-, 3-, y-Z1n,Sb; which arc stable below 263K, between 263 and
765K, and above 765K, respectively. The phase diagram has been rc-investigated by Mayer ct
al. [2].B-7n,Sbs is hexagonal thombohedric, space group R3C with a = 12.231 Aandc-

12.428 A [2,4]. 1.ow thermal conductivity values canbc cxpected because of its relatively
complex structure [2]. To our knowlcdge, the only thermal conductivity data available in the
literature was published by Spitzer [8] who reported a room temperature lattice thermal
conductivity value of 6.5mW ecm™ K* 'on a polycrystalline sample of unknown densit y. A
fcw investigations of the electrical and thermoclectric propertics of 3-Zn4Sb; were performed
[4-6] but the results were sometimes inconsistent. Some attempts were also madc to dope the
compound with various dopants [7]. The optical properties were investigated andan optical
band gap of about 1.2 ¢V was measured [4], inagreement with one estimation made from high
temperature clectrical measurcments [5]. Some questions about the stability of this compound
were also raised [4]. Wc examined the thermoclectric and some other propertics of
polycrystalline samples of [3-Zn,Sb; and investigated its temperature stability to assess its
usefulness for thermoclectric applications.

2. EXPERIM ENTAL,




Although crystals of 3-7n4Sby were grown [4,6], it has been difficult to obtain large crack-free
samples. This is likely duc to the phase transformation occurring upon cooling at 492°C. The
v-Zn4Sby and 3-711,Sb; might have different coefficient of expansion, resulting in stresses
during the cooling and causing the crack formation. Singlc phase, polycrystallinc samples of 3-
7n4Sb; were prepared. Iirst, zinc (99.9999% purc)and antimony shots (99.999% purc)in
stoichiometric ratio were melted in scaled quartz ampoules. The melts were held at 1023K for
about 2 hours for homogeni zation and quenched in water. The resulting ingots were ground in
an agate mortar and analyzed by x-ray diffractometry (XR1) which showed that the powders
were single phase after quenching. The powders were sicved and only grains with asize of 125
fim or less were retained for further processing. The pre-synthesized powders were then hot-
pressed into cylindrical samples. The hot-pressing was conducted in graphite dies. The
samples (about 12 mm in diameter and about 2 cm long) were crack-free and of good
mechanical strength. Microprobe analysis showed that thesamples were single phase after
hot-pressing. A total of20 samples were fabricated.

The density of the samples was measured by the immersion technique using tolucne as the
liquid. The density of the hot-pressed sample was typically between 96 and 98% of the
theoretical density. Microprobe analysis of selected samples was performed on a J1:O1. JXA -
733 superprobe. X RD anal yscs were performed on a Sicmens 1-500 diffractometer using Cu-
K, radiation with silicon as a standard. The thermal expansion coefficient was measured using
a standard dilatometer. The shear anti longitudinal sound velocity were mcasured at room
temperaturc on a few samples about 12 mm long using a frequency of 5 M hz.
Thermogravimetric analysis ('I'GA) were conducted on a 1Jupont-2000 thermogravimetric
measurements apparatus, using argon as the purge gas.

Samples about 1 mm thick and 12 mm in diameter were cut from the hot-pressed specimens
(perpendicular to the hot-pressing direction) for transport property mcasurcments.
Resistivity and f lall effect measurements were conducted between room temperature and
about 673K in static or dynamic vacuum. The resistivity (p) was measured using the van der
Pauw technique with a current of 100 mA using a special high temperature apparatus [9], The
| 1all coefficient (R;,) was measured in the same apparatus with a constant magnetic ficld valuc
of 8000 Gauss. Assuming a scat(cring factor of lin asingle carrier scheme, the carrier density
was calculated from the f Iall coefficient by p = 1/Ry; ¢ where p is the density of holes and c is
the electron charge. The | lan mobility (j1;;) was calculated from the | 1all coefficient and the
resistivity values by [y = Ry/p. The crror was estimated at 4 0.5% and + 20/0 for the
resistivity and Hall coefficient measurements, respectively. The Seebeck coefficient («) of the
samples was measured on the same samples used for resistivity and Ilall  coefficient
mcasurcments using a high temperature light pulse technique 11 o1. Theerror of measurcments
of the Seebeck coefficient was estimated to be less than 4 1%. The thermal conductivity (A) of



the samples was calculated {rom the measured density, heat capacity and thermal diffusivity
values. The thermal diffusivity was measured using aflash diffusivity technique [ 11]. The heal
capacity (C) was measured on severa samples using aPerkin-I‘lmer differential scanning
calorimeter under argon atmosphere and using sapphite as the reference standard. The mass of
the samplc was about 60 mg, and a heating rate of 5K/min was employed. The overall crrorin
the thermal conductivity value was estimated at about 110%.

3.RESULTS ANI) DISCUSSION

3.1. Physical propertics

Some properties of 3-7. nySby at room temperature arc listed in 3'able 1. The thermal-cxpansion
coefficient is comparable to those measured for state-of-the-art thermoclectric materials Bi, Te;

anti 'bTe [ 12]. The measured longitudinal (1) and shear (v) sound velocities listed in * 1'able 1
were used to calculate the mean sound velocity (v,, ) using the following expression [ 13]:
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Woccalculated amean sound velocity of 2.31x  0°cm S*. The Debye temperature is related o
the mean sound velocity by the equation [ 13]:

I /3

kl4p M" 2

where h and & arc the Planck’s and Botlzmann’s constants, respectively, N the Avogadro’s
number, d tbc density, and M’ the molccular weight of the solid. Wc calculated a Dcbye
temperaturc of 2 14K for 3-7n4Sbs. The 1 debye temperature for BiyTe; and Pble is165 and

1 60K, respectivel y [14]. A Griineisen constant of 1.446 was calculated using the formalism
developed by Slack and Tsoukala[15].

The results of the TGA mecasurements arc shown inlig . 1 where the weight loss of a sample
of 3-Zn4Sbs is shown as a function of time and temperature in argon atmosphere. The data
show that even at the highest tempcrature, 673K, the samples were found to be stable. Similar
tests conducted in static vacuum also showed that the samplcs were stable up to the same
temperature. The samples used for TGA experiments were subsequently analyzed by
microprobe analysis and were found to be consisting of onc single phase: f3-7Zn4Sbs. The
stability of the samples was also tested by annealing samplcs of [3-Z114Sb; in scaled quartz
ampoules under argon or vacuum at 673K for about 5 days. In both cases, no significant




changes inthe electrical resistivity were found before and after the anncals, and microprobe
analysis of the anncaled samples showed that no dissociation was obscrved. In order 1o fill'[}ICI”
test the stability of [3-7n4Sbs, the clectrical resistivity of several hot-pressed samples was
measured as a function of time and at different temperatures in dynamic vacuum using the van
der Pauw method. The results arc shown inIig. 2 and show that no significant variation of the
electrical resistivity of the sample was obsci ved up to a temperature of about 540K. Tor
prolonged exposures of the samples a higher temperatures, the clectrical resistivity of  the
samples increased and inclusions of ZnSb were found in the sample by microprobe analysis,
likely ductosome Sb losses. Similar tests should be conducted in static vacuum to confirm the
results of the thermogravimetric studies, i.e., the stability of the samplesin a static vacuumup
to about 673K.

3.2. Transport properties

A total of about 20 samplcs were hot-pressed and their propertics measured. All samples had
high carrier concentration and p-t ypc conductivity with similar thermoclectric properties and
little variation in carrier concentration. The typical room temperature propertics of hot-
pressed 3-ZngSbs arc listed in “1'able 1 1 and arc characteristic of a heavily doped semiconductor.
The | 1all mobility valucs arc relatively large at this doping Icvel but relatively low compared to
values on the order of J 000 cm? V's™! reported by Ugaictal. [5] at a doping level of 8.8 X
J0"cm®. 1 lowever, these large valucs arc in contradiction with some results obtained later by
the same authors [6]. The relative complexity of the Zn-Sb phase diagram makes the
preparation of single phase samples difficult and might explain the discrepancics in the results.
Unfortunately, no details were given by Ugaict a. [5] on the compositional analyscs of their
samples.

Typical temperature dependence of the electrical resistivity and Seebeck coefficient for hot-
pressed [3-Zn4Sbysamples arc shown in Fig. 3and Fig. 4, respectively. The Secbeck coefficient
and electrical resistivity increase up to about 623K where an onscet of mixed conduction seems
to appear, lowcering the clectrical resistivity and Scebeck coefficient. Mcasurements were
limited to 673K becausc of  the transformation of 7nsSb; from the 3 to y phase at higher
temperatures and it is difficult to establish the intrinsic behavior becausc of the mall
femperature range where it seems to occur. The results of the Seebeck coefficient
measurements arc in agreement with the results of 1'apicro ctal. [4]. A maximum power factor
(0/p) of 12.5 tW em™' K was calculated at 623K. The mom temperature Secbeck coefficient
values arc relatively large for this eloping level. W estimated the hole effective mass using a
single parabolic band modcl with acoustic phonon scattering. In this model, the Sccbeck
coefficient can be expressed asf 1 6]:
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Where £ is the reduced Fermi level and /9, is a Fermi integral of order x. Using the same
formalism, the carrier concentration can be expressed as.
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where m* is the effective mass and 7' is the temperature in K. The Fermi level can be
calculated from the experimental Sccbeck cocfficient value using equation (3) and uscd,
together with the experimental Hall carrier concentration value to calculate the cffective masses
from equation (4). Using the datalistedin ‘Jable 1 |, wc calculated a hole cffective mass of
1.447m, for 3-Zn4Sbs (imy is the free electron mass). This is a fairly large effective mass and
explains why the Scebeck cocfficient value arc rather large.

The results of’ the heat capacity mecasutements arc showninkig. 5. The beat capacity
increases glightly from room temperaturc up to about 650K. Finally, Fig. 6 shows the thermal
conductivity values of [-7Zn4Sb; between room temperaturc and about 650K. in this
temperature range, the values arc much lower than for the state-of-the-att p-type
thermoclectric materials PbhTe- and BiyT'es-based alloys as well as for TAGS (Te-Ag-Ge-Sb
aloys). The room temperature value is about 9 mW em™ K™ and decreases to about 7 mW cm
"K'at 650K.1.ow thermal Conductivity is oncof the most interesting feature of [3-7114Sb;.
This is the lowest of all the thermoclectric materials known until now. The thermal
conductivity is the sum of an clectronic contribution (A,)and alattice thermal conductivity
(M) Because our samples arc relatively highly eloped, tbc electronic contribution is
substantial, This contribution (A.) can be calculated using the Wicdemann-Franz law:

Ao 1.T/p (5)

where 1. is the 1.orenz number. Similarly to the | lall cocfficient anti Sccbeck cocflicient, the
l.orenz numbetr can be expressed as[16]:
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The reduced Fermi level value, obtained from the experimental Secbeck cocefficient value using
equation(3), was uscd to calcul ate the Lorenz nunmiber. A, was then calculated as a function of
temperature using the calculated l.orenz numbers and the experimental resistivity data. The
results arc shown inFig. 6. The room temperature lattice thermal conductivity is about 6.5
mW e K. The phonon mean free path (€) can be calculated from the Debye formula:

A: Cv, /3 (7

Using some typical valucs of A= 9 mW em™ K7, v,,=2.31x 10°cms™ and C= 0.22 J g K-1,
wc calculated a phonon mean free path of about 4.2 A which is lower thanthe lattice
parameter. As pointed out by Toffe [17], this indicates that the transmission of heat may be
described on the basis of lattice vibrations as “hopping” from onc atom to another as opposed
to Umklapp processes.

The lattice thermal conductivity can be estimated as follows [ 1 8]. The theoretical lattice
thermal conductivity A'(@®) at the 1)cbye temperature is given by:

. ' 2
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where M isthe average mass of an atom of the crystal, & isthe average volume occupicd by an
atom, @ is the Debyc temperature, #2iS the number of atoms pet’ unit cell, v is the Griinciscn
constant at 1T:@, and B = 3.22x 10'S’K”. For 3-Zn,Sb;, M = 89.5 g, ©.214K, and n - 66.
The theoretical lattice thermal conductivity obtained from cquation (8) for B-ZnsSb; iS9.7 mW
em? K at room temperature. ‘1 ‘his is in good agreement with the experimental mom
temperature lattice thermal conductivity of 6.5mW cnl'* K-|. In addition, the formalism
represented by equation (8) dots not capture some phonon scattering mechanisms such as
hole-phonon scattering which might further reduce the lattice thermal conductivity. The
thermal conductivity values for [3-Zn4Sbsare typical of glass-like materials. This is
presumably due to its complex crystal structure and also to the presence of some antistructure
defects resulting in a highly disordered structure. However, glass-like materials such as
Tl3AsSc; have usually high electrical resistivity [ 19] which is not desirable to achicve high
figures of merit. This is not the case for [3-Zn4Sbs.In this compound, there is a unique
combination of low thermal conductivity and good electrical resistivity which make it a very
interesting thermoclectric material.

The dimensionless thermoclectric figure of merit 771 is a function of the electrical resistivity,
the Scebeck coefficient and the thermal conductivity (71 : o?/p)). The calculated figure of



merit values for typical p-type [3-Zn4Sbssamples arc showninlig. 7. This figure reveals that
there is a gap between the low temperature  state-of-the-art thermoclectric materials (Bi,Te;-
based aloys) and the intermediate temperature materials (PbT'e-based aloys) and TAGS (Te-
Ag-Ge-Sb). -type 3-Zn4Sb; has the highest thermoclectric figure of merit in the 500 to 650K

temperature range with a maximum value of 1.3 at about 650K. I'-typc 3-Zn4Sbs fills in the
existing gap in Z'T in this temperature range. Although TAGS-based compositions have also a
good thermoclectric figure of merit in this temperature range, they have been little used duc to
their high sublimation late and low temperature phase transition [20]. Further studics should
am at investigating the doping of this compound to produce n-type samples and also
optimize the doping level. Because of the very low room temperature thermal conductivity, it
might be possible to optimize this material for thermoclectric cooling applications. Initial
studics of the properties of Zn,.,Cd,Sbs solid solutions have aso shown that higher figures of
merit might be achicvable because of the decrcase of the thermal conductivity duc to an
incrcasec of phonon scattering by point defects [21]. For many applications using
thermoclectric generators, the cost of the material is important. 3-Zn4Sb; is relatively
imexpensive compared to state-of-the-atl thermoclectric materials and isan excellent candidate
for thermoclectric applications, particularly for power generation.

‘1’here arc severa potential applications for relatively cfficient therimoclectric power generators
in this temperature range. Thermoclectric generators operating on natural gas, propane or
diesel were builtand used BiyTcyor PbTe aloys depending on the maximum hot side
temperature (UP to 873K) [22]. Despite their relatively low cfficiency, these devices arc used
in various industiial applications bccause of their high reliability, low maintenance and long
life, in particular when considering harsh environments. The most common applications arc
for cathodic protection, data acquisition and teleccommunications. More recently, there has
been a growing interest for waste heat rccovery power generation, using various heat sources
such as the combustion of solid waste, geothermal energy, power plants, and other industrial
heat-generating processes [23-25], Therc iscurrently an important effort in Japan to develop
large scale waste beat recovery thermoclectric generators using state-of-the-art materials. For
such systems, onc of the most important factor is cost, and 3-Zn4Sb; -based materias should
beless expensive (and more environmentally friendly) than current matcetials. But perhaps the
automobile industry is the market with the most potential. Bccause of the need for cleancr,
more efficient cars, car manufacturers wotldwide arc interested in using the waste heat
gencrated by the vehicle exhaust to replace or supplement the alternator [26-28], According to
some car manufacturers, the available temperature range would be from 350 to 800K, which is
matched perfectly by tbc performance of 8- 7.n,4Sbh; -based matcrials.

5. SUMMARY



Thermoclectric properties of 3-7n,Sb; were measured on hol-pressed samples. Iixceptionally
low thermal conductivity was mceasured and a maximum 71" value of 1.3 was achicved at
650K. The good thermoclectric performance of p-t ypc [3-7n4Sb; fills the gap inZT values
between the low temperature  date-of-the-art  thermoclectric materials Bi,Tes-based alloys and
the intermediate temperature materials I'brl’ c-based alloys and TAGS (Tc-Ag-Ge-Sb). The
stability of the material was studicd and it was found that the thermoclectric propertics remain
stable up to 650K under static vacuum and argon. This material, rclatively incxpensive, could
be used in thermoclectric power generators and a brief description of the numecrous potential
applications was given. Lfforts should now be developed to produce n-type samples and
study the alloying of this compound with other isostructural compounds such as Cd;Shs
which already has been identified as a promising route to achicve even higher 7.1 values.
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Tables Captions

‘Jable J.

‘1Iablell:

Some physical parameters of 3-7n4Sbs at room temperature

‘Thermocl ectric propertics Of 3-7n,Sb; at room temperature

Figures Captions

Figure 1:

Figure 2;

Figure 3:

Figure 4

Figure S

Fipgure 6:

Weight loss as a function of time and temperature for a3-Zn,Sb; hot-pressed
sample under Argon atmosphere and using a healing rate of SK/min. No
variations arc observed up to 650K indicating the stability of the compound in
this environment up to this temperature.

Electrical resistivity as afunction of time and temperature for af3-ZnsSb; hot-
pressed sample in dynamic vacuum (the dashed lines correspond to the
electrical resistivity and temperature variations for the sample heated up to
about 543K and the plain lines up to 513K). Thc absence of significant
variations of the clcctrical resistivity indicates the stability of the compound up
to about 520K in this cnvironment.

Typical variations of the electrical resistivity asafunction of inverse
temperature for -7n4Sb; hol-pressed samples.

Typical variations of the Sccbeck cocfficient as afunction of temperature
for 3-7Zm4Sb, bot-pressed samplcs.

T'ypical variations of the beat capacity as a function of tempcrature for (3-
7n4 Sbs hot-pressed samples.

Typical variations of the thermal conductivity as a function of temperature for
B-7Zn4Sbs hot-pressed samples and state-of-the-al t thermoclectric materials.
The dashed line represents the calculated lattice thermal conductivity for 3-
7n4Sh,.




Figure 7: Typical variations of the thermoclectric figure of merit 71" as a function of
temperature for 3-Zn4Sb; hot-pressed samples and state-of--the-art
thermoclectric materials.
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Property Units B-7.n4Sb;,
Melting point K 839 [2,5]
I.attice parameters A a: 12.231 ¢ 12.428 (2]
Energy bandgap Cv 1.2[3/4]

X-ray density plem’ 6.077
Thermal-expansion cocfficient K 1.93x 10-°
Shear sound velocity 10°c/s 3.59
Transversal sound velocity 10*em/s 2.08
Giiineisen constant 1.446

Debye temperature K 214

Table 1
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Seebeck coefficient (uV/K)
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